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SUMMARY 

— 

I 1 I 

This  Final  Report  consists  of  studies  which  have  examined  various 
aspects  of  the  physiology  and  metabolism  of  Neisseria  gonorrhoeae.  The 
primary  objectives  of  this  research  were  to: 

a)  Define  the  nutritional  factors  in  the  environment  which  determine  or 
modify  the  virulence  and/or  antigenic  composition  of  N.  gonorrhoeae. 

b)  Delineate  the  role  of  the  physical  environment  in  determining  the  virulence 
and  antigenic  composition  of  £.  gonorrhoeae. 

c)  Develop  better  methods  for  growth*  identification  and  maintenance  of  the 
virulence  of  gonorrhoeae  through  an  understanding  of  its  nutrition  and 
physiology. 

d)  Ascertain  whether  differences  exist  in  the  metabolism*  physiology*  and 
virulence  of  strains  isolated  from  disseminated  and  non-disseminated  gonococ- 
cal infections. 

e)  Obtain  an  antigenic  fraction  which  is  specific  for  NL  gonorrhoeae  under 
all  conditions  of  growth  for  use  as  a tool  in  the  diagnosis  of  gonorrheal 
infections  and  as  a potential  immunogen. 

The  results  of  studies  presented  herein  may  be  summarized  as  follows: 

The  cell  membrane-associated  respiratory  electron  transport  chain  of  Neisseria 
gonorrhoeae  was  examined  using  electron  paramegnetic  spectroscopy  (EPrY  at 
liquid  helium  temperatures  and  optical  spectroscopy  at  liquid  nitrogen  and 
room  temperatures.  EPR  spectra  of  dithionite  reduced  particles  indicated  the 
presence  of  centers  N-1  and  N-3  in  the  site  I region  of  the  respiratory  chain, 
while  reduction  with  succinate  revealed  the  existence  of  center  S-1  from  the 
succinate  cytochrome  £ reducatase  segment.  Free  radical(s)  resembling  that 
due  to  flavin  semiquinone  were  observed  with  both  reductants.  Low  temperature 
(77  K)  optical  difference  spectra  indicated  the  presence  of  cytochromes  with 
alpha  band  maxima  at  549*  557.  and  562.  Bands  at  567*  535.  and  417  nm* 
characteristic  of  the  CO  compound  of  cytochrome  o were  also  identified.  Cyto- 
chromes ai  and  33  were  not  detected;  however  a broad  but  weak  absorbance  with 
an  alpha  band  maximum  at  600  nm  and  a Soret  shoulder  at  440  nm  was  observed. 
Hence  the  respiratory  chain  of  N.  gonorrhoeae  appears  to  contain  several  non- 
heme iron  centers,  cytochrome  c.  two  b cytochromes,  with  cytochrome  o which 
probably  serves  as  the  terminal  oxidase. 


Tricarboxylic  acid  cycle  activity  was  examined  in  Neisseria  gonorrhoeae 
strain  CS-7.  The  catabolism  of  glucose  in  N^.  gonorrhoeae  by  a combination  of 
the  Entner-Doudoroff  and  pentose  phosphate  pathways  results  in  the  accumulation 
of  acetate  which  was  not  further  catabolized  until  the  glucose  was  depleted  or 
growth  became  limiting.  Radiorespirometric  studies  revealed  that  the  label 
in  the  1 position  of  acetate  was  converted  to  CO2  at  twice  the  rate  of  the 
label  in  the  2 position  indicating  the  presence  of  a tricarboxylic  acid  cycle. 
Growth  on  glucose  markedly  reduced  the  levels  of  all  tricarboxylic  acid  cycle 
enzymes  with  the  exception  of  citrate  synthase  (EC  4. 1.3. 7).  Extracts  of 
glucose-grown  cells  contained  detectable  levels  of  all  tricarboxylic  acid 
cycle  enzymes  except  aconitase  (EC  4. 2. 1.3)*  isocitrate  dehydrogenase  (EC  1.1. 
1.42).  and  a pyridine  nucleotide-dependent  malate  dehydrogenase  (EC  1.1.1.37). 
Extracts  of  cells  capable  of  oxidizing  acetate  lacked  only  the  pyridine 
nucleotide-depmdent  malate  dehydrogenase.  In  lieu  of  this  enzyme  a particulate 
pyridine  nucleotide-independent  malate  oxidase  (EC  1.1. 3. 3)  was  present.  This 
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enzyme  required  flavin  adenine  di nucleotide  for  activity  and  appeared  to  be 
associated  with  the  electron  transport  chain.  Radiorespirometric  studies 
utilizing  labeled  glutamate  demonstrated  that  a portion  of  the  tricarboxylic 
acid  cycle  functioned  during  glucose  catabolism.  In  spite  of  the  presence 
of  all  tricarboxylic  acid  cycle  enzymes.  N_.  gonorrhoeae  CS-7  was  unable  to 
grow  in  medium  supplemented  with  cycle  intermediates. 

A suspending  medium  was  developed  for  use  with  the  Minitek  system  for 
the  confirmatory  identification  of  Neisseria  gonorrhoeae.  (i.  meningitidis, 
and  N.  lactamica  based  upon  the  production  of  acid  from  various  carbohydrates. 
The  addition  of sodium  bicarbonate  to  the  medium  made  negative  reactions 
easier  to  read.  More  isolates  of  N.  gonorrhoeae  were  identified  using  the 
suspending  medium  in  the  Minitek  system  than  using  CTA  media.  With  a suitable 
inoculum  size  a positive  identification  could  be  made  in  less  than  1 hour; 
most  isolates  (90.8%)  could  be  identified  within  4 hours  of  inoculation.  The 
Minitek  system  is  reliable  and  easy  to  use. 
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PARTIAL  CHARACTERIZATION  OF  THE  RESPIRATORY  CHAIN  OF  NEISSERIA  GONORRHOEAE. 


A.  Introduction. 

Neisseria  gonorrhoeae  is  an  obligate  aerobe  whose  only  natural  habitat 
is  man  (1).  This  organism  possesses  a terminal  oxidase  with  a high  specific 
activity  which  catalyzes  the  oxidation  of  tetramethy l-p-pheny lenedi amine 
(TMPD),  a property  shared  with  other  members  of  this  genus  and  most  aerobic 
bacteria.  Other  than  this  terminal  oxidase  reaction  (2)  little  is  known 
about  the  electron  transport  components  of  the  organism.  Jurtshuk  and 
Milligan  (3)  have  reported  difference  spectra  of  the  cytochromes  observed  in 
N.  catarrhalis  but  no  information  on  the  site  I region  of  the  respiratory 
chain  was  presented.  Furthermore*  N.  catarrhalis  has  been  shown  to  be 
genetically  dissimilar  from  the  true  Neisseria  (4)  and  has  subsequently  been 
reclassified  Branhamella  catarrhalis  TIT!  Hence  many  of  the  respiratory 
components  of  the  true  Neisseria  have  not  been  previously  reported. 

This  study  reports  steady-state  data  on  substrate  and  dithionite  reducible 
components  associated  with  the  membrane  bound  respiratory  chain  of  gonor- 
rhoeae. The  purpose  of  this  study  is  to  describe  and  characterize  some  of 
these  respiratory  conponents  and  to  compare  them  with  those  of  other  aerobic 
organisms  as  well  as  other  species  of  Neisseria.  Furthermore*  with  the  wealth 
of  information  concerning  the  reduced  nicotinamide  adenine  dinucleotide  (NADH) 
dehydrogenase  region  of  many  eucaryotic  cells  (5,6),  it  appeared  timely  to 
examine  the  low  temperature  (<77  K)  electron  paramagnetic  resonance  (EPR) 
spectra  of  N.  gonorrhoeae  to  establish  whether  similarities  exist  between  this 
organism  ancT  its  host. 


B.  Materials  and  Methods. 

Organism.  Neisseria  gonorrhoeae  strain  CS-7  was  used  in  this  investigation. 
The  properties  and  maintenance  of  this  strain  have  been  previously  described 
(7,8)  as  have  the  medium  and  cultural  conditions  (9). 

Preparation  of  cell  membranes.  Stationary-phase  cultures  were  harvested 
by  centrifugation  (16,000  x g for  10  min)  in  a refrigerated  centrifuge,  washed 
twice  and  resuspended  in  0.4  M tris(hydroxymethy l )ami nomethane  hydrochloride 
(Tris-HCl)  buffer  (pH  7.4)  containing  0.005  M beta-mercaptoethanol.  The  cell 
suspension  was  disrupted  by  sonication  (Biosonik  IV;  Bronwill,  Rochester,  N.Y.) 
for  a total  of  3 min  in  30  sec  pulses  (40  percent  maximum  output)  with  1 min 
intervals  for  cooling.  The  resulting  suspension  was  centrifuged  at  low  speed 
(23,000  x g for  15  min)  to  remove  cell  walls  and  unbroken  cells.  The  super- 
natant was  centrifuged  at  100,000  x g for  2 hr  (type  30  rotor,  Spinco  model 
L5-65  ultracentrifuge)  and  the  membrane-rich  pellet  was  resuspended  in  a small 
volume  of  0.4  M Tris-HCl  buffer  (pH  7.4)  containing  0.005  M beta-mercaptoethanol 
and  stored  at  -30  C until  used. 
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Visible  spectroscopy.  Room  temperature  and  liquid  nitrogen  (77  K) 
spectra  of  the  membrane-r ich  fraction  were  recorded  on  a Cary  Model  14  spectro- 
photometer equipped  with  a model  1462  scattered  transmission  attachment.  The 
spectrophotometer  was  calibrated  with  a holmium  oxide  standard  immediately 
prior  to  use.  Samples  to  which  reducing  agents  were  added  were  first  made 
anaerobic  by  alternately  evacuating  and  flushing  with  argon.  Liquid  nitrogen 
difference  spectra  were  recorded  in  a 0.2  cm  path  length  cuvette  attached  to 
a low  temperature  tee  (10).  This  tee  was  then  partially  immersed  in  liquid 
nitrogen  contained  in  a glass  Dewar  fitted  with  quartz  windows. 

Carbon  monoxide  difference  spectra  were  obtained  by  gently  bubbling  CO 
gas  through  anaerobic  dithionite  reduced  samples.  Samples  "ere  periodically 
withdrawn  for  spectroscopic  analysis. 

EPR  spectroscopy.  Membrane-rich  samples  (50  mg  protein/ml)  were  thawed 
and  transferred  to  anaerobic  EPR  tubes.  Samples  were  evacuated  and  flushed 
with  argon  at  least  8 times*  reduced  with  solid  sodium  dithionite  or  succinate 
and  frozen  in  liquid  nitrogen.  Liquid  helium  spectra  were  recorded  with  a 
Varian  V-4502  EPR  spectrometer.  The  samples  were  cooled  with  a liquid  helium 
transfer  system  (Model  LTD-3-110,  Air  Products  and  Chemicals,  Inc.,  Allentown, 
Pa.).  Temperatures  were  monitored  with  a germanium  resistor. 

Miscellaneous  measurements.  Protein  was  determined  by  the  method  of  Lo- y 
et  al.  (11)  using  bovine  serum  albumin  as  standard. 

Chemicals.  Carbon  monoxide  and  ultra  high  purity  argon  gases  were  obtained 
from  Metheson  Gas  Products  (Newark,  Calif.).  Sodium  L-malate  and  L(+) lactic 
acid  were  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  Mo.).  All  other  reagents 
were  analytical  grade  or  the  highest  purity  available. 


C.  Results  and  Discussion. 

EPR  spectra.  Orme-Johnson  et  (6)  and  Ohnishi  (5)  have  recently  re- 
viewed  the  iron-sulfur  centers  arising  from  the  site  I region  of  the  respiratory 
chain  in  a variety  of  eucaryotic  organisms.  These  authors  have  reported 
g-values  for  a number  of  prominent  peaks  detectable  at  the  temperature  of 
liquid  helium,  and  have  related  these  EPR  signals  to  iron-sulfur  centers  by 
titrating  the  signals  with  reducing  equivalents.  We  have  examined  the  membrane- 
associated  respiratory  chain  of  the  aerobic  procaryote,  IN.  gonorrhoeae,  with 
low  temperature  EPR.  Figure  1 illustrates  the  dithionite  and  succinate 
reduced  EPR  spectra  of  the  membrane-rich  fraction  of  N^.  gonorrhoeae.  The 
general  line  shape  of  the  dithionite  reduced  spectra  is  very  sTnTTar  to  that 
of  Candida  albicans  and  broadly  resembles  the  spectra  from  bovine  heart  sub- 
mi  tocRondFi aT- pirtTc  les  (5).  The  apparent  g-values  of  several  prominent  peaks 
are  given  in  this  figure  for  comparison  with  site  I EPR  spectra  from  other 
organisms. 

It  is  evident  that  N.  gonorrhoeae  shows  prominent  signals  at  g = 2.02, 

1.94  and  1.93  corresponding  to  center  1 signals  according  to  the  designation 
of  Orme-Johnson  et  al^ . (6).  These  investigators  give  g-values  for  this 
center  comprised  of  peaks  designated  q,  r,  s at  g = 2.022,  1.938  and  1.923 
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respectively.  Similarly  we  observed  signals  at  g = 2.09,  1.89  and  1.87 
corresponding  to  peaks  l,  m,  and  n,  with  g-values  of  2.099,  1.886  and  1.862 
respectively  (center  3)  (6).  These  signals,  corresponding  to  centers  N-1  and 
N-3,  would  be  observed  upon  reduction  with  dithionite  if  the  site  I 
respiratory  chain  region  of  N.  gonorrhoeae  has  components  similar  to  those  of 
mammalian  mitochondria.  We  <Tid  not  observe  signals  with  field  positions 
corresponding  to  center  N-2  at  potentials  attained  with  excess  succinate  or 
dithionite.  Evidence  for  all  the  EPR  active  centers  present  in  N.  gonorrhoeae 
membrane  will  require  quantitative  redox  titration.  It  should  be  noted  that 
slightly  different  g-values  for  site  I centers  were  reported  by  Ohnishi  (5) 
for  £.  uti l is. 

Both  the  dithionite  and  succinate  reduced  samples  have  a g = 2.00  free 
radical  sign,  probably  arising  from  a flavin  radical  as  is  the  case  in  mito- 
chondria. The  succinate  reduced  spectrum  displays  a g = 1.94  central 
resonance  similar  to  center  S-1  observed  in  succinate  dehydrogenase  by  Beinert 
and  Sands  (12).  The  low  potential  center  S-2  (13)  was  not  observed  in  gono- 
coccal membrane  fractions  due  to  overlap  with  site  I EPR  signals.  The  high 
potential  iron  sulfur  protein  signals  recently  observed  in  the  succinate  CoQ 
reductase  region  (14)  were  not  examined. 

Optical  difference  spectroscopy.  Low  temperature  (77  K)  reduced-minus- 
ox  idTzed-speFtra-oFlT~gonorFFoeai— cel  l membrane  fragments  are  shown  in 
Figure  2.  Three  alpKa  bands  are  resolved  in  the  dithionite  reduced-minus 
ferricyanide  oxidized  spectra  with  absorption  maxima  at  549  (c-type  cytochrome) 
and  557  with  a shoulder  at  562.  The  latter  two,  together  witF  the  beta  maxima 
at  528  nm  are  indicative  of  b-type  cytochromes  (15).  In  addition,  there  is  a 
broad  absorption  band  at  600  nm.  The  increased  absorbance  observed  upon 
addition  of  ferricyanide  to  the  reference  cuvette  is  the  result  of  a more 
complete  oxidation  of  the  respiratory  chain  components,  especially  those 
which  are  not  autoxidizable.  This  was  especially  apparent  in  this  case  since 
the  buffer  in  which  the  gonococcal  membranes  were  suspended  contained  8-mer- 
captoethanol  which  can  donate  reducing  equivalents  to  the  respiratory  chain, 
necessitating  the  use  of  a more  effective  oxidant.  Room  temperature  difference 
spectra  of  dithionite  reduced-minus  ferricyanide  oxidized  (not  shown)  contain 
absorbance  maxima  in  the  alpha  region  centered  at  553,  560,  and  600  nm.  These 
bands  were  approximately  one-fifth  as  intense  at  room  temperature  than  at  77  K. 
The  25  C beta  absorbances  are  centered  at  516,  523,  and  530.  Low  temperature 
dithionite  reduced-minus  air  oxidized  difference  spectra  (Fig.  2)  gives  a Soret 
maximum  at  427  nm.  This  peak  is  shifted  about  4 nm  to  lower  wave  length  when 
the  reducing  agent  is  ascorbate.  In  either  case,  the  Soret  band  is  inresolved 
but  displays  a shoulder  at  440  nm,  typical  for  £-type  cytochromes  (15),  and  a 
trough  at  450-452  nm  probably  due  to  flavin  in  various  states  of  reduction. 

The  observation  of  a broad  absorption  band  centered  around  600  nm  with  a 
440  nm  Soret  shoulder  may  indicate  the  presence  of  an  a-type  cytochrome  in 
this  organism.  However,  the  600  nm  peak  does  not  display  the  normal  sharpness 
for  an  alpha  band  absorbance  of  an  £-type  cytochrome.  Furthermore,  the  low 
440  nm  extinction  would  indicate  a very  small  concentration  of  this  component. 
On  the  basis  of  a similar  broad  600  nm  absorption,  Jurtshuk  and  Milligan  (3) 
have  suggested  j5.  catarrhalis  contained  cytochrome  a-].  Even  though  our  CO 
difference  spectra  did  not  indicate  the  presence  of  cytochromes  a-j  or  a3  (see 
below),  we  were  unable  to  eliminate  the  possibility  that  an  a-type  exists  in 
the  membrane  of  N.  gonorrhoeae. 
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Approximate  concentrations  of  the  various  cytochromes  computed  from  low 
temperature  dithionite-minus-ferricyanide  difference  spectra  by  the  method  of 
Dietrich  and  Biggins  (16)  are  presented  in  Table  1.  An  estimated  millimolar 
extinction  coefficient  of  ][  = 20  mM-1cm“‘*  (16)  was  used  together  with  a low 
temperature  intensification  factor  of  five  (10)  to  compute  these  concentrations. 
No  correction  was  made  for  band  overlap.  Cytochrome  o was  computed  from  the 
dithionite  +C0  minus  dithionite  spectrum  using  the  estimation  procedure  of 
Daniel  (17)  i.e.»  peak  minus  trough  £ = 170  mM-IcnT^).  The  concentrations 
of  cytochromes  c_  and  b calculated  in  the  above  manner  are  higher  in  N.  gonor- 
rhoeae  than  those  reported  by  Smith  (18)  for  Kei lin-Hartree  heart  muscle  and 
other  selected  bacterial  membranes  (16.19),  while  cytochromes  £ and  £-type 
are  slightly  lower  in  the  organism  described  here. 

Ascorbate,  succinate,  and  L-lactate,  but  not  L-malate,  were  found  by 
optical  criteria  to  reduce  membrane-bound  respiratory  chain  components  of 
N.  gonorrhoeae.  Difference  spectra  of  ascorbate-  and  succinate-reduced 
particles  (Figure  3)  contain  a broad  alpha  region  absorption  centered  at 
551  nm  and  a broad  weak  600  nm  band.  Particles  reduced  with  succinate  display 
a shoulder  at  558-560  nm.  Since  ascorbate  does  not  normally  reduce  b-type 
cytochromes,  the  558-560  nm  shoulder  is  not  observed  when  this  reductant  is 
employed.  The  breadth  of  the  absorption  at  551  nm  suggests  that  it  is  composed 
of  more  than  one  band.  Reduction  with  L-lactate  diminishes  the  lower  wave 
length  component  to  a slightly  greater  extent,  splitting  the  band  into  549  and 
553  nm  peaks. 

Figure  4 illustrates  that  £.  gonorrhoeae  also  contains  at  least  one  CO 
binding  pigment.  Room  temperature  dithionite  + CO  minus  dithionite  difference 
spectra  shows  maxima  at  567,  535  and  417  nm  and  troughs  at  553  and  438  nm. 

These  peak  and  trough  positions  which  have  been  attributed  to  cytochrome  o are 
within  the  range  of  CO  binding  chromophores  found  in  other  microorganisms 
(15).  Broberg  and  Smith  (20)  demonstrated  a technique  for  detecting  both 
cytochrome  33  and  cytochrome  o in  bacterial  cell  membranes.  These  authors 
found  that  initial  bubbling  with  CO  produced  a small  peak  of  590  and  a trough 
at  445  nm  with  a peak  plus  shoulder  at  413  and  430  nm  attributed  to  cytochrome 
83.  Further  reaction  with  CO  produced  cytochrome  o absorbances  similar  to 
those  des  ibed  above.  These  differences  have  been  attributed  to  different  CO 
binding  rat«*  of  these  cytochromes  (15).  We  were  unable  to  detect  absorbances 
due  to  cytochrome  3 or  cytochrome  a<|  (15)  by  the  above  procedure.  However,  a 
cytochrome  o cbsorption  spectrum  was  detected  upon  bubbling  dithionite  reduced 
N.  gonorrhoeae  membranes  for  90  sec  with  CO.  Full  development  of  this  spectrum 
took  i5  minutes,  at  which  time  a concentration  of  0.18  nmoles  cytochrome  0 per 
mg  of  cell  membranes  was  computed  from  peak  417  minus  trough  438  nm  absorEances. 
Jurtshuk  and  Milligan  (3)  have  presented  a CO  difference  spectra  from  N.  f lava 
in  which  a typical  cytochrome  o spectra  was  also  observed.  However,  even 
though  the  organism  studied  here  is  from  the  same  genus,  the  peak  and  trough 
maxima  reported  by  the  above  authors  (3)  are  shifted  three  to  five  nm  to  a 
lower  wave  length.  Discrepancies  in  peak  position  of  this  magnitude  are  not 
likely  to  be  due  to  spectrophotometer  calibration  differences  hence  the  equal 
peak  position  within  a homogeneous  genus  rule  (19)  may  not  apply  here. 
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The  carbon  monoxide  difference  spectra  suggests  the  presence  of  an  autoxi- 
dizable  cytochrome  (cytochrome  o)  associated  with  the  membrane  of  N.  gonor- 
rhoea e.  This  cytochrome  may  be  responsible  for  the  high  TMPD  oxidase  activity 
associated  with  members  of  the  genus  Neisseria.  Even  though  cytochrome  83  or 
a-j  could  not  be  detected  by  CO  difference  spectra  by  the  procedures  employed 
he^e,  the  question  of  the  presence  of  another  autoxidizable  cytochrome  in 
membranes  of  IN.  gonorrhoeae  is  still  open  since  its  spectra  may  be  masked  by 
the  CO  compound  of  cytochrome  0. 


TRICARBOXYLIC  ACID  CYCLE  ACTIVITY  IN  NEISSERIA  GONORRHOEAE. 

A.  Introduction. 

Members  of  the  genus  Neisseria  are  unable  to  utilize  many  carbohydrates 
(1).  Glucose*  a key  intermediate  in  the  synthesis  of  many  important  cellular 
components*  is  the  only  carbohydrate  that  can  be  utilized  as  an  energy  source 
by  N.  gonorrhoeae.  Recent  radiorespirometric  studies  by  Morse  et_  a_L  (8)  have 
shown  that  growing  cells  of  ]4.  gonorrhoeae  utilize  glucose  by  strictly  aerobic 
mechanisms  involving  the  Entner-Doudoroff  and  pentose  phosphate  pathways. 

Acetate  was  the  only  detectable  nongaseous  end  product  produced  from  glucose. 
After  the  depletion  of  glucose,  the  label  in  the  1 position  of  acetate  was  con- 
verted to  CO2  at  twice  the  rate  of  the  label  in  the  2 position.  This  pattern 
of  acetate  oxidation  is  indicative  of  a functioning  tricarboxylic  cycle.  These 
results  were  contrary  to  those  of  Tonhazy  and  Pelczar  (21)  who  utilized  resting 
cell  suspensions  of  glucose-grown  N.  gonorrhoeae  and  concluded  that  of  the 
members  of  the  conventional  tricarFoxy lie  adid  cycle,  only  a-ketoglutarate. 
succinate,  fumarate.  malate.  and  oxaloacetate  could  be  oxidized.  Resting  cell 
suspensions  were  ticapable  of  oxidizing  acetate,  cis-aconitate.  citrate,  and 
isocitrate.  Holten  and  Jyssum  (22)  were  unable  to  detect  activity  correspond- 
ing to  malate  dehydrogenase  (EC  1.1.1.37)  in  cell  extracts  of  N.  gonorrhoeae, 
further  suggesting  the  absence  of  a functional  tricarboxylic  acid  eye le. 

Direct  evidence  (i.e. , presence  of  all  necessary  enzymes)  for  a tricarboxylic 
acid  cycle  in  fJ.  gonorrhoeae  is  lacking.  This  study  presents  evidence  that  a 
functional  tricarboxylic  acid  cycle  exists  in  N.  gonorrhoeae  and  that  its 
activity  is  markedly  influenced  by  the  presence  of  glucose. 

B.  Materials  and  Methods 

Organism.  N.  gonorrhoeae  strain  CS-7  was  used  in  these  studies.  This 
strain  was  isolated  from  the urethral  exudate  of  a male  with  gonococcal  urethri- 
tis. A stable  T-4  colony  type  (59)  was  selected  on  GC  agar  (Difco)  plates 
following  passage  in  the  yolk  sac  and  allantoic  cavity  of  a chicken  embryo. 

The  maintenance  and  the  diagnostic  criteria  for  identification  of  N.  gonorrhoeae 
were  described  previously  (7).  — 

Medium.  The  basal  medium  contained  the  following  per  liter:  proteose 
peptone  no.  3 (Difco).  15  g;  K2HPO4,  4 g;  K^PO,.  1 g;  NaCl,  5 g;  and  soluble 
starch,  1 g.  The  final  pH  of  the  medium  was  7.2.  A growth  factor  supplement, 
identical  in  composition  to  IsoVitalex  enrichment  (BBL) , NaHCO,  (42  mg/liter), 
and  glucose  (5  g/liter)  was  added  after  autoclaving.  3 
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Growth  conditions.  Frozen  stock  cultures  were  prepared  as  described  by 
La  Scolea  and  Young  (23).  For  use*  the  cultures  were  thawed  at  room 
temperature  and  inoculated  into  the  basal  medium.  A suspension  of  cells  from 
an  overnight  culture  was  used  to  inoculate  fresh  basal  medium  to  an  initial 
turbidity  of  5 to  10  Klett  units  (Klett-Summerson  colorimeter*  filter  No.  54 
[540  nm];  12-24  yg  dry  wt/ml).  All  liquid  cultures  were  incubated  at  37  C in 
a Model  G-76  gyratory  water  bath  shaker  (New  Brunswick  Scientific*  N.J.). 
Under  these  conditions,  the  generation  time  of  strain  CS-7  was  approximately 
70  min. 
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Abbreviations  and  chemicals.  The  following  abbreviations  were  used: 
nicotinamide  adenine  dinucleotide  phosphate  (NAOP).  nicotinamide  adenine  di- 
nucleotide (NAD)*  reduced  nicotinamide  adenine  dinucleotide  phosphate  (NADPH) * 
reduced  nicotinamide  adenine  dinucleotide  (NADH) « flavin  adenine  dinucleotide 
(FAD),  phosphoenol  pyruvate  (PEP),  coenzyme  A (CoA)>  adenosine  diphosphate 
(ADP)*  ethylenediaminetetraacetic  acid  (EDTA).  All  reagents  and  enzymes  were 
purchased  from  Sigma  Chemical  Co.  (St.  Louis*  Mo.). 

Radioisotopes.  The  following  radioisotopes  were  obtained  from  the  New 
England  Nuclear  Corp.  (Boston.  Mass.):  DL- (1-1^0 -glutamic  acid  (specific 
activity,  51.01  mCi /mmol);  DL-(5-1^C)-g lutamic  acid  (specific  activity.  3.69 
mCi/mmol);  (U-'^C)-arginine  (specific  activity.  279  mCi/mmol);  (1-^C) -glucose 
(specific  activity,  80  mCi/mmol);  sodium  (l-'^C)-acetate  (specific  activity. 

22  mCi/mmol);  sodium  (2-^C)-acetate  (specific  activity.  2.0  mCi/mmol);  sodium 
(l-I^C)-a-ketoglutarate  (specific  activity,  60  mCi/mmol);  and  (1 .4-1^C) -succinic 
acid  (specific  activity,  35  mCi/mmol). 

Radiorespirometry.  Radiorespirometric  procedures  were  performed  as  pre- 
viously  described  (8).  Cultures  were  harvested  during  the  exponential  phase  of 
growth  (75-85  Klett  units),  centrifuged  (27.000  x g for  10  min)  and  resuspended 
in  fresh  basal  medium  to  a final  concentration  of  0.8  to  0.9  mg  (dry  weight) 
per  ml.  Twenty-five  ml  of  the  cell  suspension  were  added  to  each  radiorespiro- 
meter vessel.  The  vessels  were  described  previously  (24)  and  consisted  of 
125-ml  Erlenmeyer  flasks  with  sidearms.  Unlabeled  substrates  and  specifically 
labeled  substrates  were  added  to  the  sidearms  in  a final  volume  of  1.0  ml. 

Where  indicated,  the  final  concentrations  were:  monosodium  glutamate.  50  ymol; 
sodium  acetate,  100  ymol;  and  glucose,  69.4  pmol.  In  some  experiments  mlabeled 
glucose  (173  pmol)  was  added  to  the  basal  medium  in  order  to  prevent  an  increase 
of  tricarboxylic  acid  cycle  activity  during  equilibration.  The  vessels  were 
equilibrated  for  10  min  at  37  C in  a gyratory  water  bath  shaker  prior  to  the 
addition  of  substrate  and  radioisotope.  At  zero  time  the  material  in  the  side- 
arms  was  tipped  in  and  P^C]C02  collection  began.  The  flasks  were  continually 
sparged  with  air  at  a flow  rate  of  65  ml  per  min.  The  collection  and  processing 
of  samples  and  inventory  of  '^C  in  these  experiments  has  been  described  pre- 
viously (8).  The  total  recoveries  were  all  within  acceptable  limits  (92-101%). 

Cell  extracts.  Cell  extracts  of  glucose-grown  cells  were  prepared  from 
cultures  grown  in  liquid  medium  containing  0.5%  glucose.  Cells  derepressed 
for  tricarboxylic  acid  cycle  activity  (glucose-depleted)  were  prepared  from 
cultures  initially  grown  to  late  log  phase  in  liquid  medium  containing  0.5% 
glucose.  These  cells  were  harvested  (16,000  x g,  10  min),  resuspended  in 
fresh  medium  containing  0.5%  sodium  acetate  and  incubated  at  37  C for  60  min. 

All  cultures  were  harvested  at  the  end  of  the  exponential  growth  phase  by 
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centrifugation  <16,000  x g for  10  min).  Celts  were  washed  twice  and  resus- 
pended in  0.4  M Tris  (hydroxymethyl)-aminomethane-hydrochloride  buffer  (pH 
7.4)  (Tris-HCl)  containing  0.005  M B-mercaptoethanol.  The  cell  suspension 
was  disrupted  by  sonic  treatment  (Biosonik  IV;  Bronwill.  Rochester,  New  York) 
for  a total  of  3 min  in  30-S  pulses  (40%  maximum  output  with  1-min  intervals 
for  cooling).  The  resulting  suspension  was  centrifuged  at  low  speed 
(23,000  x g,  for  15  min)  to  remove  cell  walls  and  unbroken  cells.  The  super- 
natant fluid  was  centrifuged  at  100,000  x g for  1 hr  (type  30  rotor,  Spinco 
model  L5-65  ultracentrifuge).  The  supernatt  was  split  into  two  aliquots. 

One  aliquot  was  stored  at  -30  C and  the  other  was  placed  in  ice  and  assayed 
immediately  for  enzymatic  activity.  The  membrane-rich  pellet  was  resuspended 
in  a small  volume  of  0.4  M Tris-HCl  buffer  pH  7.4  containing  0.005  M beta- 
mercaptoethanol  and  stored  at  -30  C until  assayed  for  enzymatic  activity. 

Storage  at  -30  C had  no  appreciable  effect  upon  enzyme  activity.  Prior  to  use, 
material  in  the  pellet  was  sedimented  by  ultracentrifugation  <100,000  x g for 
1 hr)  and  resuspended  in  0.4  M Tris-HCl  buffer  (pH  7.4). 

Enzyme  assays.  All  extracts  were  assayed  for  enzymatic  activity  at  25  C 
in  a Beckman  Model  25  spectrophotometer.  Citrate  synthase  (citrate  oxaloacetate- 
lyase  tCoA  acety lating] , EC  4. 1.3. 7)  was  measured  spectrophotometrica l ly  by 
the  method  of  Parvin  (25).  The  method  described  by  Fansler  and  Lowenstein  (26) 
was  used  to  determine  the  activity  of  aconitase  (citrate  Cisocitrate]  hydrolyase, 
EC  4. 2. 1.3).  Isocitrate  dehydrogenase  (threo-Ds-isocitrate:NADP  oxidoreductase 
[decarboxylating] , EC  1.1.1.42)  was  measured  spectrophotometrica l ly  by  follow- 
ing the  increase  in  absorbance  due  to  the  reduction  of  NADP  at  340  nm.  The 
reaction  mixture  contained:  1.0  ml  of  33  mM  Tris-HCl  buffer  (pH  7.4),  0.1  ml 
of  1 mM  MnC^;  0.1  ml  of  2 mM  trisodium-Ds-isoc itrate;  0.1  ml  of  1 mM  KCN 
neutralized  with  1 M HCl>  0.1  ml  of  3.4  mM  NADP;  H2O  and  cell  extract  (0.6- 
1.25  mg  protein)  to  a final  volume  of  3.0  ml.  The  activity  of  the  a-ketoglutarate 
dehydrogenase  complex  was  determined  according  to  the  procedure  of  Reed  and 
Mukherjee  (27).  Succinyl  CoA  synthetase  (succinate:CoA  ligase  [ADP* , EC  6.2.1. 

5)  activity  was  measured  by  following  the  formation  of  hydroxamate  as  described 
by  Gibson  £t  al.  (28).  Membrane-bound  succinate  dehydrogenase  (succinate: 
[acceptorloxiHoreductase,  EC  1.3.99.1)  was  determined  by  the  procedure  of 
Johnston  and  Gotschlich  (29).  The  method  of  Hill  and  Bradshaw  (30)  was  used 
to  measure  fumarase  activity  (l-malate  hydro-lyase,  EC  4. 2. 1.2).  Membrane- 
bound  l-malate  oxidase  (EC  1.1. 3. 3)  was  determined  by  the  spectrophotometr ic 
procedure  of  Jurtshuk  et  a_L  (31).  Malate  dehydrogenase  (l-malate:NAD  oxido- 
reductase, EC  1.1.1.37T"was  measured  spectrophotometrical ly  by  following  the 
decrease  in  absorbance  due  to  the  oxidation  of  NADH  at  34o  nm.  The  reaction 
mixture  contained:  0.3  ml  of  250  mM  potassium  phosphate  buffer  (pH  7.4); 

0.15  ml  of  1.5  mM  NADH;  0.15  ml  of  7.5  mM  oxaloacetate  adjusted  to  pH  7.4; 

H2O  and  cell  extract  (0.6-1.25  mg  protein)  to  a final  volume  of  3.0  ml.  The 
reaction  was  started  by  the  addition  of  oxaloacetate. 

The  enzymes  involved  in  anaplerotic  reactions,  PEP  carboxylase  (ortho- 
phosphate:oxaloacetate  carboxy-lyase  [phosphory lating] , EC  4.1.1.31)  and  malic 
enzyme  (l-malate: NADP  oxidoreductase  [decarboxylating],  EC  1.1.1.40),  were 
determined  according  to  the  methods  of  Maeba  and  Sanwal  (32)  and  Hsu  and  Lardy 
(33)  respectively.  NAD-dependent  glutamate  dehydrogenase  (L-glutamate:NAD 
oxidoreductase  [deaminating] , EC  1.4. 1.2)  and  NADP-dependent  glutamate  dehydro- 
genase (L-glutamatf :NADP  oxidoreductase  deaminating,  EC  1.4. 1.4)  were  determined 
by  the  procedure  of  Jyssum  and  Borchegrevink  (34). 


Aspartate  aminotransf erase  (L-aspartate:2-oxoglutarate  aminotransferase# 

EC  2. 6.1.1)  was  assayed  spectrophotometrically  in  an  assay  mixture  consisting 
of  2 ml  of  50  mM  triethanolamine  hydrochloride  buffer  (pH  7.4)  containing 
10  mM  MgSO,  and  5 mM  di sodium  EDTA;  20  pi  of  100  mM  potassium  a-ketoglutarate 
(pH  6.5);  ZO  yl  of  3 mM  NADH;  100  pi  of  cell  extract  (0.6-1.25  mg  protein); 

100  pi  of  15  mM  KCN  (pH  7.0);  100  pi  of  100  mM  pyridoxal  phosphate;  and 
245  pi  of  H20.  The  reaction  was  initiated  by  the  addition  of  5 pi  of  malate 
dehydrogenase  (10  units)  and  the  decrease  in  absorbance  at  340  nm  recorded. 
Then.  10  pi  of  100  mM  L-aspartate  (pH  6.5)  was  added  to  the  cuvette  and  the 
decrease  in  absorbance  at  340  nm  followed  again.  The  activity  of  the  enzyme 
was  calculated  from  the  difference  in  the  rates  of  decrease  in  the  presence 
and  absence  of  L-aspartate.  Alanine  aminotransferase  (L-alanine:2-oxoglutarate 
aminotransferase#  EC  2. 6. 1.2)  was  assayed  in  a similar  manner  except  that 
5 pi  of  lactate  dehydrogenase  (47  units)  and  10  pi  of  100  mM  L-alanine  (pH 
6.5)  were  added. 

The  glyoxylate  cycle  enzymes,  malate  synthetase  (L-malate  glyoxylate- 
lyase  CCoA  acety lating] . EC  4. 1.3. 2)  and  isocitrate  lyase  (threo-0s~isocitrate 
glyoxylate  lyase#  EC  4. 1.3.1)#  were  measured  according  to  the  procedures  of 
Dixon  and  Kornberg  (35)  and  Carpenter  and  Beevers  (36)  respectively.  Citrate 
lyase  (citrate  oxaloacetate  lyase.  EC  4. 1.3.6)  was  measured  by  the  procedure 
of  Dag  ley  (37). 

All  enzyme  reactions  were  linear  with  respect  to  time. 

Visible  spectroscopy.  Liquid  nitrogen  (77  K)  spectra  of  the  membrane-rich 
fractions  from  glucose-grown  and  glucose-depe Ited  cells  of  JY.  gonorrhoeae 
strain  CS-7  were  recorded  on  a Cary  model  14  spectrophotometer  equipped  with 
a model  1462  scattered  transmission  attachment.  The  spectrophotometer  was 
calibrated  with  a holmium  oxide  standard  immediately  prior  to  use.  Liquid 
nitrogen  difference  spectra  were  recorded  in  a 0.2  cm-path- length  cuvette 
attached  to  a low  temperature  tee  (10).  This  tee  was  then  partially  immersed 
in  liquid  nitrogen  contained  in  a glass  Dewar  fitted  with  quartz  windows. 
Samples  were  reduced  as  described  previously  (38). 

Miscellaneous  measurements.  Dry  weights  were  obtained  by  centrifuging 
samples  at  27.000  x g for  10  min  to  concentrate  the  cells.  Cells  were  washed 
twice  with  cold  distilled  water  and  dried  to  constant  weight  in  tared  aluminum 
dishes  at  80  C in  a vacuum  oven.  Protein  content  of  cell  extracts  and  membrane 
fractions  was  determined  by  the  method  of  Lowry  et  aL  (11)  with  bovine  serum 
albumin  as  standard.  The  amount  of  glucose  remaining  in  the  medium  was 
determined  by  the  glucostat  method  (Worthington  Biochemical  Corp.#  Freehold# 
N.J.).  Radioactivity  of  samples  was  measured  in  a liquid  scintillation 
spectrometer  (Beckman  Instrument  Corp.)  after  addition  of  15  ml  of  scintilla- 
tion fluid  (0.4%  2»5-dipheny loxazole  and  0.01%  1 »4-bis-[2]-(5-phenyloxazolyl) 
benzene  in  toluene}.  The  rate  of  protein  synthesis  was  measured  by  the 
incorporation  of  tU-^C)  arginine  into  the  trichloroacetic  acid-insoluble  cell 
fraction  as  previously  described  (39). 
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C.  Results. 

Acetate  oxidation  by  glucose-grown  cells.  The  oxidation  of  acetate  by 
glucose-grown  cells  of  N.  gonorrhoeae  CS-7  was  determined  in  the  presence  and 
absence  of  exogenous  glucosel  With  limiting  glucose  (69.4  pmol.  Fig.  5),  no 
acetate  oxidation  occurred  until  after  the  glucose  was  depleted  (t  = 90  min). 
Radiorespirometric  data  showed  that  the  label  in  the  1 position  of  acetate 
was  converted  to  C02  faster  than  the  label  in  the  2 position.  A similar  pat- 
tern of  acetate  oxidation  was  obset  -«d  30  min  following  resuspension. of 
glucose-grown  cells  in  basal  medf'  .-.eking  glucose.  The  ratio  of  [14C]C02 

evolved  from  the  labeled  carbons  “tate  (C-1/C-2)  show  a value  consistent 

with  the  operation  of  a tricarboxyl  j acid  cycle  (C-1/C-2  = 2). 

Tricarboxylic  acid  cycle  and  related  enzymes  in  N.  gonorrhoeae  CS-7.  The 
results  (Table  2)  show  that  glucose-grown  cells  contain  detectable  levels  of 
all  tricarboxylic  acid  cycle  enzymes  except  aconitase»  isocitrate  dehydro- 
genase and  a pyridine  nuc l eotide -dependent  malate  dehydrogenase.  All  of  the 
tricarboxylic  acid  cycle  enzymes  except  the  malate  dehydrogenase  were  present 
in  cell  extracts  from  glucose-depleted  cells.  The  failure  to  detect  aconitase 
or  isocitrate  dehydrogenase  was  not  due  to  the  presence  of  a soluble  inhibitor 
since  addition  of  various  amounts  of  glucose-grown  cell  extract  to  cell  extract 
from  glucose-depleted  cells  did  not  inhibit  the  activity  of  these  enzymes. 
Aconitase  and  isocitrate  dehydrogenase  activity  was  not  measurable  following 
a 6-fold  increase  in  cell  extract  protein.  However,  this  experiment  does  not 
rule  out  the  existence  of  these  enzymes  at  very  low  levels. 

A pyridine  nucleotide-independent  malate  oxidase  may  be  present  in 
N.  gonorrhoeae  in  lieu  of  a soluble  pyridine  nucleotide-dependent  malate 
dehydrogenase.  This  enzyme  was  found  in  the  particulate  (membrane-rich)  fraction 
from  glucose-depleted  cells  (Table  2).  Preliminary  studies  (Fig.  6)  showed 
that  malate  reduced  b and  c-type  cytochromes  in  the  membrane-rich  fraction  of 
glucose-deplmted  celTs  indTcating  a close  association  of  this  enzyme  with  the 
electron  transport  chain  of  the  gonococcus.  A similar  reduction  of  these 
cytochromes  did  not  occur  in  membranes  of  glucose-grown  cells  unless  FAD  was 
added  suggesting  that  this  cofactor  was  required  for  enzyme  activity.  FAD  may 
be  absent  or  loosely  bound  to  the  enzyme  in  glucose-grown  cells  and  therefore 
easily  removed  during  preparation  of  the  menbrane-rich  fraction.  The  peak 
heights  seen  in  the  difference  spectra  (Fig.  6)  do  not  reflect  the  concentra- 
tion of  malic  oxidase  present  but  rather  that  of  the  cytochromes.  The  inability 
to  measure  malate  oxidase  activity  in  membrane  preparations  from  glucose-grown 
cells  by  a specific  enzyme  assay  may  be  due  to  the  low  specific  activity  of  the 
enzyme  in  these  cells. 

Activities  of  enzymes  catalyzing  anapleurotic  reactions  were  also 
measured  (Table  2).  Malic  enzyme.  PEP  carboxylase,  aspartate  aminotransferase, 
and  glutamic  dehydrogenase (s)  were  present  in  both  glucose-depleted  and 
glucose-grown  cell  extracts.  The  presence  of  these  enzymes  in  glucose-grown 
cells  suggested  that  a portion  of  the  tricarboxylic  acid  cycle  may  function 
in  the  presence  of  glucose.  Alanine  aminotransferase,  citrate  lyase,  iso- 
citrate lyase,  and  malate  synthase  were  not  detected.  The  absence  of  the 
latter  two  enzymes  indicated  that  a glyoxy late  bypass  was  not  present  in  this 
organism  under  the  growth  conditions  employed. 
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Effect  of  chloramphenicol  on  acetate  oxidation  by  glucose-grown  cells. 

The  30-mi n interval  between  the  resuspension  of  glucose-grown  cells  in  basal 
medium  lacking  an  exogenous  energy  source  and  the  rapid  increase  in  acetate 
oxidation  may  represent  the  time  required  to  derepress  the  synthesis  of 
aconitase.  isocitrate  dehydrogenase*  and  malate  oxidase.  This  possibility 
was  examined  by  determining  the  extent  of  acetate  oxidation  by  cells  resuspended 
in  basal  medium  with  and  without  chloramphenicol  (100  ig/ml).  This  concen- 
tration of  chloramphenicol  was  chosen  because  it  inhibited  the  incorporation 
of  [U-1^C]arginine  into  the  trichloroacetic  acid-insoluble  cell  fraction  by 
98.5  percent.  In  the  presence  of  chloramphenicol  (Fig.  7)#  acetate  was  still 
oxidized  at  a slow  rate  suggesting  that  aconitase.  isocitrate  dehydrogenase* 
and  malate  oxidase  were  present.  The  kinetics  of  acetate  oxidation  were 
different  with  cells  incubated  in  the  presence  and  in  the  absence  of  chloram- 
phenicol. A lower  linear  rate  of  [1^C]C02  evolution  would  be  expected  if 
acetate  oxidation  in  the  presence  of  chloramphenicol  were  the  result  of  a 
decreased  concentration  of  enzymes.  However*  a lower  non-linear  rate  was 
observed  experimentally  (Fig.  7).  The  reasons  for  this  are  not  known  and  are 
currently  under  investigation. 

The  ratio  of  t^CDCC^  formed  from  the  labeled  carbons  of  acetate  (C-1/C-2) 
increased  from  2.4  in  the  absence  of  chloramphenicol  to  3.8  in  its  presence. 

This  change  reflects  a decreased  oxidation  of  [2-'*c]acetate  relative  to  that 
of  [1-  Clacetate. 

Simultaneous  oxidation  of  acetate  and  glutamate.  The  absence  of  a gly- 
oxylate  bypass  (Table  2)  suggests  that  growth  will  be  limited  by  the  ability 
of  the  organism  to  remove  four-carbon  precursors  from  the  tricarboxylic  acid 
cycle  for  biosynthetic  purposes.  This  need  can  be  met  by  supplying  compounds 
which  can  enter  the  TCA  cycle  thereby  allowing  another  cycle  intermediate  to 
be  utilized  in  biosynthetic  reactions.  The  production  of  t^C]  CO^  from 
labeled  glutamate  and  acetate  by  cells  suspended  in  medium  containing  additional 
glutamate  (50  ymol)  was  determined.  The  addition  of  unlabeled  glutamate  was 
necessitated  by  the  observation  that  proteose  peptone  no.  3 contained  low 
levels  of  free  glutamate.  Figure  8 shows  that  in  medium  containing  excess 
glucose  (173  ymol).  the  label  in  the  1 position  of  glutamate  was  converted  to 
COg  at  a faster  rate  than  the  label  in  the  5 position.  No  appreciable  oxida- 
tion of  acetate  occurred  during  this  period.  Thus,  glutamate  enters  the  tri- 
carboxylic acid  cycle  during  the  active  metabolism  of  glucose  by  N.  gonorrhoeae 
CS-7;  the  absence  of  acetate  oxidation  indicates  that  only  reactions  subsequent 
to  the  formation  of  acetyl  CoA  can  occur  under  these  conditions. 

Glutamate  can  enter  the  tricarboxylic  acid  cycle  by  at  least  two  mechanisms. 
The  low  activity  of  glutamate  aminotransferase  (Table  1)  suggests  that  this  is 
a minor  pathway.  The  activity  of  glutamic  dehydrogenase(s)  varied  according  to 
the  pyridine  nucleotide  coenzyme  used  in  the  assay  procedure  (Table  2).  Enzyme 
activity  was  greater  with  the  coenzyme  (NADP(H)  than  with  NAD(H).  The  reduced 
form  of  the  coenzyme  was  more  active  than  the  oxidized  form  thereby  favoring  the 
formation  of  glutamate  from  a-ketoglutarate  in  an  in  vitro  system.  However*  the 
in  vivo  concentration  of  a-ketoglutarate  may  be  suTFicient  ly  low  as  to  shift 
TFe  equilibrium  towards  a-ketoglutarate  synthesis. 
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The  rate  of  glutamate  oxidation  increased  significantly  following  both 
a reduction  in  the  rate  of  glucose  metabolism*  measured  by  the  rate  of  l^C] 

COp  production  from  [1-^C]glucose*  and  a marked  decrease  in  the  rate  of 
growth.  The  rate  of  I^CICO.  production  was  equal  for  both  labeled  substrates. 
An  increase  in  the  rate  of  acetate  oxidation  occurred  concomitantly  with  the 
decrease  in  glucose  metabolism  and  growth  rate.  The  ratio  of  the  amount  of 
[I^CDCO,  produced  from  specifically  labeled  acetate  (C-1/C-2)  was  approximately 
2.0.  £ 

The  initiation  of  tricarboxylic  acid  cycle  activity  was  directly  related 
to  the  decrease  in  growth  rate.  The  production  of  C** 3 CO2  from  labeled 
glutamate  and  acetate  by  cells  resuspended  in  basal  medium  without  glucose 
(Fig.  9)  demonstrates  that  in  spite  of  concomitant  oxidation  of  acetate  and 
glutamate*  little*  if  any*  increase  occurred  in  the  cell  yield.  The  increase 
in  the  rate  of  glutamate  oxidation  after  90  min  was  not  correlated  with  a 
change  in  the  growth  rate  of  the  organism. 

The  growth  of  N.  gonorrhoeae  CS-7  in  basal  medium  supplemented  with 
various  tri carboxyTic  acid  cycle  intermediates  was  also  examined  (data  not 
shown).  Tricarboxylic  acid  cycle  intermediates  added  singly  (0.5%  w/v  final 
concentration)  or  together  with  acetate  (0.1-0. 5%  w/v  final  concentration) 
failed  to  support  the  growth  of  strain  CS-7.  The  entry  of  tricarboxylic  acid 
cycle  intermediates  may  require  induction  of  a transport  system.  Since 
N^.  gonorrhoeae  lacks  endogenous  metabolism  (40)*  an  external  energy  source  may 
need  to  be  supplied.  This  possibility  was  tested  by  inoculating  N.  gonorrhoeae 
CS-7  into  basal  medium  containing  a low  concentration  of  glucose  TO. 075%)  in 
addition  to  the  tricarboxylic  acid  cycle  intermediate.  The  amount  of  growth 
under  these  conditions  was  no  greater  than  that  in  the  presence  of  0.075% 
glucose  alone. 

The  failure  of  NL  gonorrhoeae  CS-7  to  grow  in  medium  supplemented  with 
tricarboxylic  acid  cycle  intermediates  may  be  due  to  a lack  of  permeability. 
This  possibility  was  examined  by  measuring  the  production  of  [™C]CO?  from 
labeled  a-ketoglutarate  and  succinate  by  glucose-grown  cells  resuspended  in 
basal  medium  without  glucose.  The  oxidation  of  a-ketoglutarate  and  succinate 
by  these  cells  (Table  3)  demonstrates  that  the  cell  is  permeable  to  at  least 
these  tricarboxylic  acid  cycle  intermediates  and  that  the  lack  of  growth  must 
be  due  to  some  other  factor. 

D.  Discussion. 

The  catabolism  of  glucose  in  fj.  gonorrhoeae  by  a combination  of  the 
Entner-Doudoroff  and  pentose  phosphate  pathways  (8.41)  results  in  the  accumula- 
tion of  acetate  in  the  medium  (8).  Studies  utilizing  specifically  labeled 
[1^Clglucose  (8)  demonstrated  little*  if  any,  of  the  glucose  carbon  (C-2.C-3. 
C-5.C-6)  excreted  into  the  medium  as  acetate  was  further  catabolized  until 
after  the  glucose  was  exhausted  from  the  medium.  The  pattern  of  acetate 
oxidation  (C-1  > C-2)  suggested  that  the  tricarboxylic  acid  cycle  was  involved 
in  the  subsequent  metabolism  of  acetate.  Enzyme  analyses  of  extracts  of  cells 
capable  of  oxidizing  acetate  confirmed  the  presence  of  all  tricarboxylic  acid 
cycle  enzymes  with  the  exception  of  a pyridine  nucleotide-dependent  malate 
dehydrogenase.  The  absence  of  the  enzyme  in  N.  gonorrhoeae  and  N.  meningitidis 
was  previously  reported  by  Holten  and  Jyssum  7221  ancf  Jyssum  (427^ respectively. 
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Even  though  this  enzyme  is  present  in  non-pathogen ic  Neisseria  (22),  pyridine 
nucleotide-dependent  malate  dehydrogenases  are  often  absent  in  strictly 
aerobic  bacteria.  A recent  report  by  Holten  (43)  suggests  that  gonococci 
contain  a pyridine  nucleotide-independent  malate  oxidase.  We  have  confirmed 
this  report  and  furthermore,  have  demonstrated  the  requirement  of  this  enzyme 
for  FAD  and  its  association  with  the  electron  transport  chain  of  N.  gonorrhoeae. 
In  this  respect,  the  enzyme  appears  similar  to  those  reported  for  Azo'tobacter 
vinelandii  (31)  and  Moraxella  Iwoffi  (44).  However,  further  studies  are 
required  to  firmly  establish  the  relation  of  this  enzyme  to  electron  transport 
as  well  as  its  potential  involvement  in  oxidative  phosphorylation  in 
fj.  gonorrhoeae. 

The  metabolism  of  glucose  markedly  affects  both  the  activity  of  the  tri- 
carboxylic acid  cycle  as  well  as  the  synthesis  of  several  tricarboxylic  acid 
cycle  enzymes.  While  these  effects  appear  to  be  independent  of  one  another, 
metabolism  of  glucose  was  required  for  both  types  of  inhibition.  Radio- 
respirometric  data  reflected  the  inhibition  of  acetate  oxidation  during  the 
metabolism  of  glucose.  Aconitase,  isocitrate  dehydrogenase,  and  malate  oxidase 
were  not  detectable  in  extracts  of  glucose-grown  cells.  However,  oxidation 
of  labeled  acetate  in  the  presence  of  chloramphenicol  by  glucose-grown  cells 
is  evidence  that  these  enzymes  were  present  although  in  very  low  amounts.  The 
absence  of  acetate  oxidation  during  glucose  metabolism,  the  high  level  of 
citrate  synthase,  and  the  remainder  of  the  tricarboxylic  acid  cycle  enzymes, 
point  to  the  condensation  of  acetyl  CoA  with  oxaloacetate  as  the  key  regulatory 
reaction.  The  conpetitive  and  non-competitive  inhibition  of  citrate  synthase 
has  been  reported  in  other  organisms  (45,46,47)  and  will  be  the  subject  of  a 
separate  paper  (Hebeler  and  Morse,  in  preparation). 

Fortnagel  (48)  reported  that  aconitase  and  isocitrate  dehydrogenase  in 
Bacillus  subtilis  were  subject  to  feed-back  repression  by  a-ketoglutarate  or 
glutamate'  It  is  unlikely  that  these  compounds  function  as  corepressors  in 
fi.  gonorrhoeae  as  glutamate  is  readily  converted  to  a-ketoglutarate  and 
catabolized  via  the  tricarboxylic  acid  cycle  prior  to  and  during  the  oxidation 
of  acetate.  The  low  specific  activities  of  aconitase  and  isocitrate  dehydro- 
genase in  glucose-grown  cells  of  N^.  gonorrhoeae  may  explain  the  failure  of 
Tonhazy  and  Pelczar  (21)  to  observe  oxidation  of  citrate  by  resting  cell  sus- 
pensions. However,  the  permeability  of  citrate  may  also  be  an  important 
factor  (49).  With  the  exception  of  citrate  synthase,  growth  on  glucose- 
containing  medium  repressed  the  synthesis  of  other  tricarboxylic  acid  cycle 
enzymes.  A similar  repression  of  tricarboxylic  acid  cycle  enzymes  by  glucose 
has  been  observed  in  other  bacteria  (50,51,52). 

The  tricarboxylic  acid  cycle  can  be  divided  into  a series  of  anabolic 
reactions  one  function  of  which  is  tosupply  a five-carbon  skeleton  (a-keto- 
glutarate) utilized  in  the  biosynthesis  of  glutamate  and  amino  acids  derived 
from  glutamate,  and  a series  of  catabolic  reactions  involved  in  the  oxidation 
of  the  same  carbon  skeleton.  Davis  (53)  proposed  the  term  "amphibolic"  to 
describe  metabolic  systems,  such  as  the  tricarboxylic  acid  cycle,  which  are 
used  for  both  anabolic  and  catabolic  cellular  processes.  Radiorespirometric 
data  showed  that  the  biosynthetic  portion  of  the  tricarboxylic  acid  cycle, 
e.g.,  the  formation  of  a-ketoglutarate,  did  not  function  during  rapid  growth 
of  gonorrhoeae  CS-7  ir.  a peptone  medium  containing  glucose.  However,  the 
remainder  of  the  tricarboxylic  acid  cycle  still  functioned  under  these 
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conditions  (Fig.  10).  Glutamate  was  readily  converted  by  the  action  of 
either  a NAD-  or  NADP-dependent  glutamate  dehydrogenase  (54)  or  a glutamate 
aminotransferase  to  crketoglutarate.  Subsequent  catabolism  of  orketoglutarate 
to  succinyl  CoA  resulted  in  the  liberation  of  CO2  from  the  original  C-1 
position  of  glutamate.  The  succinate  formed  through  the  action  of  succinyl 
CoA  synthetase  is  a symmetrical  molecule  which  randomizes  the  original  C-5 
of  glutamate  equally  between  both  carboxyl  groups  (C-1  and  C-4)  of  the  suc- 
cinate molecule.  During  the  rapid  catabolism  of  an  exogenous  energy  source 
such  as  glucose>  glutamate  enters  the  tricarboxylic  acid  cycle  and  is  con- 
verted to  malate.  Malate  thus  formed,  may  be  further  catabolized  by  two 
reactions.  The  first,  is  by  conversion  to  oxaloacetate  by  the  enzyme  malic 
oxidase  (43).  Although  malic  oxidase  was  not  measurable  in  cell  extracts 
from  glucose-grown  cells,  the  reduction  of  b and  £-type  cytochromes  in  the 
membrane-rich  fraction  and  the  oxidation  of  acetate  in  the  presence  of 
chloramphenicol  provide  indirect  evidence  for  the  existence  of  this  enzyme 
at  concentrations  too  low  to  be  measured  by  the  enzyme  assay  procedure  used 
in  this  investigation.  Owing  to  the  low  specific  activity  of  malic  oxidase, 
it  was  probably  of  minor  importance  in  the  conversion  of  malate  to  oxaloace- 
tate during  growth  in  glucose-containing  media.  The  greater  specific  activity 
of  the  malic  enzyme  suggested  that  it  was  more  important  in  the  further 
metabolism  of  malate.  During  the  conversion  of  malate  to  pyruvate.  50  percent 
of  the  original  C-5  of  glutamate  is  released  as  COg.  The  product,  pyruvate, 
can  be  either  reduced  to  lactate  or  further  oxidized  to  acetyl  CoA.  In  the 
latter  reaction,  the  remainder  of  the  original  C-5  of  glutamate  will  be  re- 
leased as  CO2.  Radiorespirometric  data  obtained  in  this  study  are  consistent 
with  the  operation  of  the  malic  enzyme. 

Aspartate  is  a necessary  precursor  for  protein,  purine,  and  pyrimidine 
biosynthesis.  Aspartate  may  be  synthesized  from  fumarate  by  the  enzyme 
aspartase  (22)  or  from  oxaloacetate  by  aspartate  aminotransferase  (22). 
Oxaloacetate  is  an  important  precursor  of  aspartate;  a major  reaction  leading 
to  its  synthesis  in  glucose-grown  cells  of  N.  gonorrhoeae  is  catalyzed  by  PEP 
carboxylase.  The  presence  of  this  enzyme  was  also  reported  by  Holten  and 
Jyssum  (22)  and  was  considered  the  major  mechanism  of  CO2  fixation  in  the 
gonococcus.  It  is  not  known  whether  the  gonococcus  contains  pyruvate  carboxy- 
lase or  PEP  carboxykinase  but  these  enzymes  are  not  found  in  N.  meningitidis 
(55).  Oxaloacetate  is  readily  synthesized  via  malic  oxidase  in  cells  with  a 
functional  tricarboxylic  acid  cycle.  However,  unless  an  exogenous  supply  of 
a tricarboxylic  acid  cycle  intermediate  or  some  compound  which  can  enter  the 
cell  is  present  the  oxidation  of  acetate  is  decreased  markedly  due  to  removal 
of  oxaloacetate  through  other  reactions  (56).  A summary  of  the  relevant  tri- 
carboxylic acid  cycle  activities  and  their  relation  to  glucose  metabolism  is 
shown  in  Fig.  10. 

In  spite  of  a finctional  tricarboxylic  acid  cycle,  the  gonococcus  cannot 
grow  in  medium  supplemented  with  tricarboxylic  acid  cycle  intermediates.  The 
lack  of  permeability  does  not  appear  to  be  a factor  (21,57).  An  alternate 
explanation  is  that  the  gonococcus  cannot  synthesize  PEP  from  either  pyruvate 
or  tricarboxylic  acid  cycle  intermediates.  The  absence  of  PEP  carboxykinase. 
as  previously  demonstrated  in  N.  meningitidis  (55).  and  PEP  synthetase  would 
be  sufficient  to  prevent  the  organism  'from  growing  under  these  conditions 
(58).  This  possibility  is  currently  under  investigation. 
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ADAPTATION  OF  THE  MINITEK  SYSTEM  FOR  THE  RAPID  IDENTIFICATION  OF  NEISSERIA 
GONORRHOEAE. 


A.  Introduction. 

Both  Neisseria  meningitidis  (60)  and  N.  Lactami ca  (61,62)  can  be  isolated 
from  the  genitourinary  tract  on  selective  media  commonly  used  for  the  isolation 
of  N.  gonorrhoeae  (61,63).  fJ.  meningitidis  can  usually  be  differentiated 
from  N.  gonorrhoeae  by  the  production  of  acid  from  maltose  (1).  However, 

KingsEury  (64)  reported  that  80%  of  meningococcal  isolates  obtained  from  trans- 
formation experiments  and  resistant  to  greater  than  10  ^ of  sulfadiazine  per 
ml  were  maltose  negative  when  tested  by  conventional  procedures,  and  thus, 
could  not  be  differentiated  from  N.  gonorrhoeae  on  the  basis  of  sugar  reactions 
alone.  N^  lactami  ca  can  be  differentiated  from  N.  meningitidis  and  N.  gonor- 
rhoeae by  the  production  of  acid  from  lactose  or  by  the  hydrolysis  oT  o-nitro- 
phenyl-3-D-galactopyranoside  (ONPG)  (65).  In  addition,  many  isolates  of 
N.  lactami  ca  will  grow  on  nutrient  agar  at  37  C whereas  N^.  meningitidis  and 
N.  gonorrhoeae  will  not  (63). 

The  reported  incidence  of  gonococcal  pharyngitis  has  increased  in  recent 
years.  Its  frequency  varies  with  the  particular  population  group  studied 
(66,67).  Hollis  et^  aL  (63)  observed  that  2%  of  a general  civilian  population 
were  pharyngeal  carriers  of  N.  lactami ca  whereas  1.5%  were  pharyngeal  carriers 
of  N.  meningitidis.  In  another  study  utilizing  2,224  patients  at  a venereal 
disease  clinic,  Wiesner  et  al.  (67)  isolated  f<.  meningitidi s from  the  posterior 
pharynx  of  17.2%  of  the  patients,  N.  lactami  ca  from  1.9%,  and  N^.  gonorrhoeae 
from  5.6%.  Thus,  it  becomes  increasingly  important  to  be  able  to  accurately 
differentiate  N.  gonorrhoeae  from  N.  meningitidis  and  N.  lactami ca. 

There  are  several  methods  currently  used  to  detect  the  production  of  acid 
from  carbohydrates  by  Neisseria  (68,69,70,71).  A number  of  strains  of 
N.  gonorrhoeae  have  recently  been  encountered  which  either  fail  to  produce 
acid  from  glucose  or  do  so  slowly  when  tested  in  CTA  medium  (65,72).  The 
Minitek  (BBL)  system  has  recently  been  introduced  for  the  identification  of 
various  bacteria.  Although  this  system  has  been  found  particularly  useful 
in  identifying  members  of  the  Enterobacteriaceae  (73),  the  medium  supplied  is 
unsatisfactory  for  determining  the  production  of  acid  from  various  carbohy- 
drates by  N.  gonorrhoeae,  fJ.  meningitidis,  and  N.  lactamica.  The  purpose  of 
this  study  was  to  develop  a suspending  medium  wFich  could  be  used  with  the 
Minitek  system  for  the  rapid  differentiation  of  N_.  gonorrhoeae  from  N.  menin- 
gitidis  and  N.  lactamica. 

B.  Materials  and  Methods. 

Organisms.  Primary  isolates  of  fi.  gonorrhoeae  were  obtained  from  the 
Venereal  Disease  Clinic  of  the  Multnomah  County  Health  Department,  Portland, 

Oregon.  Cultures  were  approximately  48  hours  old  when  received  and  had  been 
presumptively  identified  as  N^.  gonorrhoeae  by  direct  fluorescent  antibody 
staining  reaction  and  a positive  oxidase  test.  Other  clinical  isolates  of 
N.  gonorrhoeae  were  obtained  from  Abdel  Rashad,  Clinical  Microbiology  Labora- 
tory of  the  University  of  Oregon  Health  Sciences  Center.  N.  gonorrhoeae 
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strain  CS-7  has  been  described  previously  (7).  Representative  strains  of 
N.  meningitidis#  with  known  levels  of  resistance  to  sulfadiazine,  from  sero- 
groups  A#  B,  C#  X.  Y#  Z»  135,  and  29E  were  obtained  from  Herman  Schneider# 
Walter  Reed  Army  Institute  of  Research  (WRAIR) # Washington#  D.C.  Other 
strains  of  N.  meningitidis  were  obtained  from  the  American  Type  Culture  Col- 
lection (9).  Strains  of  N.  lactamica  were  obtained  from  H.  Schneider#  WRAIR# 
and  from  D.  Kellogg#  Jr.#  Center  for" Disease  Control.  Atlanta.  Georgia. 

Cultures  of  Nei sseria  spp.  were  stored  as  previously  described  (7).  The 
identity  of  all  cultures  was  confirmed  on  the  basis  of  appearance  in  gram- 
stained  smears#  oxidase  reaction#  and  the  production  of  acid  from  specific 
carbohydrates. 

Preparation  of  inoculum.  One-half  of  a plate  of  GC  agar  (Difco)  contain- 
ing a growth  factor  supplement  identical  in  composition  to  IsoVitaleX  enrich- 
ment (BBL)  and  0.5  per  cent  glucose  was  inoculated  with  the  test  organism  and 
incubated  overnight  in  a COp  incubator  (5%  COp)  at  37  C.  Inocula  were  pre- 
pared by  removing  several  (2-3)  loopsful  of  cells  with  a 2 mm  (I.D.)  loop  and 
resuspending  them  in  0.5  ml  of  medium  to  produce  a turbid  suspension  contain- 
ing approximately  5 x 10**  colony  forming  units  (CFU)/ml.  The  resuspending 
medium  contained  1.5%  (w/v)  proteose  peptone  no.  3 (Difco)  sterilized  by 
autoclaving.  Prior  to  use#  filter-sterilized  NaHCO-j  (4.2%  w/v)  was  freshly 
added.  Unless  otherwise  mentioned#  the  final  concentration  of  NaHCO^  was 
210  pg/ml.  In  some  experiments#  polypeptone  (BBL)  and  trypticase  peptone 
(BBL)  were  substituted  for  the  proteose  peptone  no.  3. 

Minitek  system.  The  Minitek  system  consists  of  a covered#  rectangular# 
plastic  plate  containing  12  wells.  The  manufacturer  also  supplies  single  or 
multiple  disc  dispensers#  a pipetter  with  sterile  disposable  tips#  and  a 
humidified  chamber  (humidor)  for  incubation.  For  use#  the  discs  were  dis- 
pensed into  individual  wells;  three  or  four  isolates  were  identified  on  a 
single  Minitek  plate.  The  discs  employed  in  our  study  were  dextrose  + nitrate, 
dextrose#  maltose#  lactose,  and  ONPG.  As  Neisseria  are  aerobic  organisms# 
mineral  oil  was  not  used  as  an  overlay. 

Determination  of  acid  production  from  carbohydrates.  Minitek  discs  con- 
taining  glucose,  maltose#  sucrose#  lactose#  fructose#  and  ONPG  and  correspond- 
ing cystine-Trypticase  agar  medium  (CTA.  BBL)  deeps  containing  1%  carbohydrate 
were  inoculated  with  1 drop  of  the  inoculum  suspension  dispensed  from  the 
Minitek  automatic  pipetter.  GC  agar  plates  were  simultaneously  inoculated  with 
1 drop  of  inoculum  and  gram-stained  smears  prepared  to  monitor  the  initial 
purity  of  the  bacterial  suspensions.  In  later  studies#  inoculation  of  CTA 
medium  tubes  and  the  preparation  of  smears  were  omitted.  The  inoculated  CTA 
medium  tubes  and  Minitek  plates  (placed  in  the  Minitek  humidor)  were  incubated 
at  37  C without  additional  COp  and  read  at  hourly  intervals.  The  GC  agar 
plates  were  incubated  overnight  at  37  C in  a CO2  incubator  (5%  COg). 

Determination  of  inoculum  size.  The  Minitek  automatic  pipetter  was  cali- 
brated  with  an  aqueous  solution  of  M^C]  sodium  bicarbonate  (0.2  pCi/ml). 

Single  drops  dispensed  by  the  pipetter  were  added  to  scintillation  vials  con- 
taining 1 ml  of  absolute  ethanol.  The  vials  were  counted  after  the  addition 
of  15  ml  of  scintillation  fluid  (0.4%  2,5-dipheny loxazole  and  0.1%  1,4-bis- 
[2]-(5-phenyloxazolyl)  benzene  in  toluene).  Analysis  of  the  data  revealed 
that  each  drop  delivered  by  the  pipetter  contained  49.66  pi  +0.06  pi. 

Viable  counts  were  determined  as  previously  described  (7). 
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Rapid  fermentation  procedure.  Brown's  modification  (75)  of  the  rapid 
fermentation  procedure  of  Kellogg  and  Turner  (70)  was  used  for  comparison. 

The  procedure  was  as  described  by  Brown  (75)  with  the  exception  that  the 
concentration  of  phenol  red  in  the  BSS  diluent  was  doubled  (W.J.  Brown, 
personal  communication).  The  increased  phenol  red  concentration  made  the 
interpretation  of  the  reactions  easier.  Initially,  we  experienced  difficulty 
with  our  source  of  maltose.  During  early  incubation,  the  phenol  red  would 
indicate  an  acid  reaction;  continued  incubation  often  resulted  in  a reversion 
to  basic  pH.  Brown  (75)  has  reported  a similar  finding  and  attributed  it  to 
the  contamination  of  maltose  with  low  concentrations  of  glucose.  This  problem 
was  overcome  when  we  obtained  a sample  of  pure  maltose  from  W.J.  Brown.  CDC. 
Atlanta.  Ga. 

Chemicals  and  radioisotopes.  The  2.5-dipheny loxazole  and  1»4-bis-[2]- 
(5-p heny loxazo ly l ) -benzene  were  products  of  Fisher  Scientific  Co.  C^C3 
Sodium  bicarbonate  (specific  activity  54.5  mCi/mmol)  was  obtained  from 
International  Chemical  and  Nuclear  Corp.  (Irvine.  Calif.).  All  other  reagents 
were  of  analytical  grade. 

C.  Results. 


Determination  of  optimal  bicarbonate  concentration.  Sodium  bicarbonate 
was  added  to  the  solution  of  proteose  peptone  no.  3 (1.5%  w/v)  to  facilitate 
the  differentiation  of  positive  from  negative  reactions.  The  optimal  NaHCO^ 
concentration's  determined  by  observing  changes  in  the  color  of  the  phenol-3 
red  indicator  in  the  carbohydrate  discs  caused  by  fj.  gonorrhoeae  strain  CS-7. 
Table  4 shows  the  effects  of  various  NaHCO^  concentrations  on  the  color 
changes  in  the  indicator  observed  with  glucose,  maltose,  and  sucrose  discs. 

The  addition  of  NaHC03  decreased  the  time  required  to  obtain  a positive 
glucose  reaction.  At  NaHCOj  concentrations  ranging  from  26-105  ug/ml.  the 
production  of  acid  from  glucose  was  ascertained  by  observing  a change  in  the 
indicator  color  within  2 hours  after  inoculation.  However,  a definite 
n—  negative  reaction  with  the  maltose  disc  was  delayed.  The  reading  of  a negative 

reaction  was  made  easier  by  increasing  the  sodium  bicarbonate  concentration 
to  210  Mg/ml.  Therefore,  this  concentration  was  used  in  all  subsequent 
experiments.  Concentrations  of  NaHCOj  greater  than  420  vig/ml.  delayed  or 
inhibited  the  appearance  of  a positive  reaction.  Substitution  of  polypeptone 
or  trypticase  peptone  for  the  proteose  peptone  no.  3 had  no  appreciable 
effect  upon  a positive  glucose  or  maltose  reaction.  However,  the  ability  to 
discern  a definite  negative  reaction  was  hampered  in  medium  containing  either 
polypeptone  or  trypticase  peptone. 


Effect  of  cell  concentration.  Table  5 shows  that  a critical  cell  concen- 
tration was  required  to  effect  a positive  reaction  within  24  hours.  An  in- 
crease in  the  cell  concentration  shortened  this  time.  At  very  high  cell 
densities  (>5.0  x 10?  CFU/ml).  positive  reactions  could  be  read  within  30 
minutes.  The  concentration  of  organisms  contained  in  2-3  loopsful  of  cells 
resuspended  in  0.5  ml  of  medium  was  determined  for  several  strains.  The  re- 
sults (not  shown)  indicated  that  these  suspensions  contained  0. 5-4.0  x 10? 
CFU/ml.  Therefore,  with  a sufficiently  high  concentration  of  cells,  it  should 
be  possible  to  determine  the  carbohydrate  reactions  within  4 hours.  The 
effect  of  incubation  time  was  examined  on  196  clinical  isolates  of  N.  gonor- 
rhoeae.  The  results  (Table  6)  showed  that  90.8%  of  the  isolates  produced 


detectable  acid  from  glucose  within  4 hours.  All  isolates  were  identified  by 
6 hours.  The  18  isolates  which  failed  to  give  a positive  reaction  within  4 
hours  also  exhibited  sparse  growth  on  GC  agar  plates.  Twelve  of  these 
isolates  were  later  retested  at  a higher  cell  concentration.  All  isolates 
produced  acid  from  glucose  within  3 hours  and  showed  good  growth  on  GC  agar 
plates. 

Strains  of  JJ.  meningitidis  and  N.  lactamica  were  also  identified  by  the 
Minitek  procedure.  The  results  (TaFle- 6)  indicated  that  97%  of  the 
N.  meningitidis  strains  and  100%  of  the  Nk  lactamica  strains  could  be 
Tdentified  within  4 hours.  With  strains  of  N.  meningitidis,  the  maltose  disc 
always  gave  a positive  reaction  before  the  glucose  disc.  With  li.  lactamica. 
the  ONPG  reaction  was  more  rapid  than  the  production  of  acid  from  lactose. 

Effect  of  nitrate  on  the  production  of  acid  from  glucose  by  N.  gonorrhoeae. 
The  suitability  of  using  dextrose  (glucose)  discs  containing  nitrate  in  place 
of  discs  containing  only  glucose  was  examined  using  87  isolates  of  N.  gonor- 
rhoeae. The  results  (Fig.  11)  show  that  the  presence  of  nitrate  in  the  disc 
markedly  inhibited  the  production  of  acid  from  glucose  by  N.  gonorrhoeae. 

With  discs  containing  nitrate,  only  56  out  of  87  isolates  764.4%)  gave  a 
positive  reaction  within  4 hours.  Eleven  isolates  (12.6%)  failed  to  give  a 
positive  reaction  after  24  hours  of  incubation.  By  comparison.  84  out  of  87 
isolates  (96.6%)  gave  a positive  reaction  using  glucose  discs  without  nitrate. 
Only  one  isolate  failed  to  give  a positive  reaction  within  24  hours. 

Validity  of  the  Minitek  system.  The  validity  and  sensitivity  of  the 
Minitek  procedure  for  the  identification  of  pathogenic  species  of  Neisseria 
was  compared  with  CTA  medium  and  Brown's  modification  (75)  of  the  rapid 
fermentation  test.  For  the  first  comparison,  glucose,  maltose,  sucrose,  and 
lactose  discs  and  CTA  medium  containing  the  corresponding  sugars  were 
inoculated  with  1 drop  (49.66  pi)  of  the  cell  suspension  dispensed  from  the 
Minitek  pipetter.  Conditions  of  incubation  are  given  in  the  Materials  and 
Methods.  Minitek  reactions  were  determined  within  6 hr;  reaction  in  CTA 
medium  were  determined  at  24  hr.  The  results  of  this  comparison  are  shown  in 
Table  7.  All  isolates  identified  using  CTA  medium  were  also  identified  by 
the  Minitek  system.  In  addition,  the  Minitek  procedure  identified  more 
isolates  of  fJ.  gonorrhoeae  and  N.  meningitidis  than  were  identified  using  CTA 
medium.  The  same  two  isolates  of  N.  gonorrhoeae  were  not  identified  by  either 
procedure;  this  was  attributed  to  a low  inoculum  cell  density.  However,  since 
both  procedures  used  the  same  inoculum,  it  is  unlikely  that  the  17  strains 
not  identified  by  CTA  medium  could  be  attributed  to  low  inoculum  density.  It 
was  of  interest  that  all  strains  of  Ji.  meningitidis  tested  in  CTA  medium 
produced  acid  from  glucose;  only  8 strains  produced  acid  from  maltose.  The 
five  strains  which  failed  to  produce  acid  from  maltose  were  also  resistant  to 
>8.0  pg  of  sulfadiazine  per  ml.  All  of  these  strains  of  N.  meningitidis 
produced  acid  from  maltose  in  the  Minitek  system. 

Table  8 shows  the  results  of  the  comparison  of  the  Minitek  and  rapid 
fermentation  procedures.  The  same  isolates  were  tested  by  each  procedure. 

When  a glucose-free  maltose  source  was  used,  the  rapid  fermentation  test  gave 
a positive  identification  in  less  time.  Both  procedures  correctly  identified 
all  isolates.  The  purity  of  the  maltose  source  was  very  important.  Two 
isolates  were  incorrectly  identified  as  N.  meningitidis  because  the  early 
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acid  reaction  with  maltose  failed  to  revert.  In  addition*  the  early  positive 
maltose  reactions  delayed  the  correct  identification  of  many  isolates. 

D.  Discussion. 

The  increased  isolation  of  N.  gonorrhoeae  from  non-genital  sites  as  well 
as  the  isolation  of  N^.  meningitTdis  and  N.  lactamica  from  genital  sites  (60. 
62,66,67,76,77)  presents  a problem  in  the  clinical  laboratory.  All  of  these 
species  of  Neisseria  will  grow  on  media  used  for  the  isolation  of  N..  gonor- 
rhoeae (61):  Therefore#  isolates  must  be  further  characterized  in  order  to 
ascertain  the  identity  of  the  organism.  The  presumptive  identification  of  an 
isolate  as  N.  gonorrhoeae  is  based  upon  typical  oxidase-positive  colonies  of 
a gram-negative  diplococcus  (78).  Local  policy  and  special  situations  will 
determine  the  need  for  a confirmatory  identification  of  the  isolate  as 
N.  gonorrhoeae.  Confirmatory  identification  consists  of  either  direct 
Tluorescent  antibody  staining  or  the  production  of  acid  from  specific  carbo- 
hydrates. Many  laboratories  use  both  methods.  Current  tests  for  acid  pro- 
duction from  carbohydrates  may  give  variable  results  due  to  inoculum  size 
(75),  age  of  inoculum#  inhibitory  substances  in  the  peptone  (E.S.  Baron  and 
D.  Lowry#  Abs.  Ann.  Mtng.  Amer.  Soc.  Microbiol.#  1976,  p.  39)#  or  the  con- 
tamination of  maltose  with  small  amounts  of  glucose  (75).  This  present  study 
has  described  a rapid  method  for  the  identification  of  Neisseria  based  upon 
the  production  of  acid  from  various  carbohydrates.  This  method  is  faster  and 
more  sensitive  than  results  obtained  using  CTA  medium.  Using  identical  cell 
concentration#  the  identity  of  91%  of  the  isolates  could  be  determined  with 
as  little  as  4 hours  of  incubation  in  comparison  to  the  24-48  hours  of 
incubation  often  required  with  CTA  medium.  Furthermore*  the  Minitek  procedure 
correctly  identified  15%  more  isolates;  no  false  positive  maltose  reactions 
were  observed. 

The  false  negative  reactions  occasionally  observed  were  often  due  to  an 
inoculum  with  a low  cell  density.  False  negative  reactions  have  also  been 
encountered  when  inocula  were  prepared  directly  from  Transgrow  medium  or  the 
Thayer-Martin  plate  used  in  the  initial  isolation  of  the  organism.  This 
potential  problem  has  been  overcome  by  re-streaking  isolates  on  one-half  of 
a GC  agar  plate.  Following  overnight  incubation#  the  cells  can  be  harvested 
for  preparation  of  the  inoculum.  In  spite  of  this  extra  step#  a confirmatory 
identification  of  an  isolate  as  fi.  gonorrhoeae  can  be  made  in  less  time  than 
required  using  conventional  CTA  medium. 

When  a glucose-free  maltose  source  is  used*  the  rapid  fermentation  pro- 
cedure (75)  will  give  faster  identification  of  N.  gonorrhoeae  (2  hr  as  compared 
to  4 hr).  However#  the  difficulty  in  obtaining  glucose-free  maltose  coupled 
with  the  absence  of  false  positive  maltose  reactions  using  Minitek  discs  make 
the  Minitek  procedure  a viable  alternative  method. 


Glucose  is  metabolized  in  growing  cells  of  N.  gonorrhoeae  by  a combination 
of  the  Entner-Doudoroff  and  pentose  phosphate  pathways  (8).  Carbon  dioxide 
and  acetic  acid  are  the  major  end  products  of  glucose  metabolism  during 
aerobic  growth  (8).  No  growth  occurs  anaerobically  but  small  amounts  of 
acetic  and  lactic  acids  are  produced  from  glucose  (8).  The  presence  of  these 
acids  effects  a color  change  in  the  phenol  red  indicator  contained  in  the 
Minitek  discs  and  CTA  medium  thereby  indicating  a positive  reaction. 


The  addition  of  NaHCO,  to  the  resuspending  medium  affected  the  appearance 
of  both  positive  and  negative  reactions.  At  high  concentrations,  HCO3-  may 
act  as  a buffer  and  slow  the  appearance  of  a positive  reaction.  At  optimal 
HCO3-  concentrations*  a negative  reaction  is  easier  to  read  as  evidenced  by 
the  bright  red  color  of  the  disc.  In  the  absence  of  a utilizable  carbohy- 
drate* Neisseria  spp.  can  deaminate  amino  acids  in  the  proteose  peptone  no.  3 
producing  an  alkaline  pH  (54,74).  The  pH  may  be  increased  further  by  the 
production  of  C03=  from  HCO3-.  Other  effects,  such  as  the  utilization  of 
HCOj*  as  a growth  factor  (S.A.  Morse  and  L.  Bartenstein,  Abs.  Ann.  Mtng.  Amer. 
Soc.  Microbiol.*  1972,  p.  44;79).  cannot  be  eliminated  at  this  time. 

The  Minitek  procedure  can  also  detect  acid  production  from  maltose  by 
sulfadiazine  resistant  strains  of  hL  meningitidis.  These  sulfadiazine  resis- 
tant meningococci  presumably  lack  maltose  permease  activity  (64).  However* 
the  concentration  of  maltose  in  the  Minitek  discs  (3  mg  maltose  per  disc; 

6%  w/v  final  concentration)  may  be  sufficiently  high  as  to  enter  the  cells  by 
passive  diffusion. 
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Table  1.  Cytochrome  concentration  in  membrane-fragments  from  N.  gonorrhoeas 
CS-7.  

Cytochrome® 

Concentration 
(nmoles/mg  protein) 

cytochrome  c 

1.15 

cytochrome  b55y 

0.75 

cytochrome 

0.13 

cytochrome  o 

m a 

0.18 

a The  designation  cytochrome  is  used  here  for  convenience  and  is  based  only 
upon  absorbance  peak  positions  in  comparison  with  established  absorbance 
maxima  observed  in  other  bacterial  and  mitochondrial  fragments.  No 


Information  as  to  the  structure  of  the  heme  prosthetic  group  is  intended 
by  this  designation. 
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Table  2.  Activities  of  tricarboxylic  acid  cycle  and  related  enzymes  in  cell 
extracts  from  glucose-grown  and  glucose-depleted  cells  of 
N.  gonorrhoeae  CS-7.a 


Specific 

Activity** 

Enzyme 

Glucose-grown 

Glucose-depleted 

Citrate  synthase 

1612 

400 

Aconitase 

NDC 

5.9 

Isocitrate  dehydrogenase 

NO 

46 

a-Ketoglutarate  dehydrogenase  complex 

0.13 

2.1 

Succinyl  CoA  synthetase 

0.24 

0.43 

Succinic  dehydrogenase 

18.1 

101.5 

Fumarase 

1.5 

3.8 

Malate  dehydrogenase 

ND 

ND 

Malate  oxidase 

ND 

0.7 

PEP  carboxylase 

0.4 

ND 

Malic  enzyme 

4.1 

1.1 

Citrate  lyase 

ND 

ND 

Isocitrate  lyase 

ND 

ND 

Malate  synthase 

ND 

ND 

Aspartate  aminotransferase 

0.01 

0.02 

Alanine  aminotransferase 

ND 

ND 

Glutamic  dehydrogenase  (NAD)^ 

0.42 

3.4 

Glutamic  dehydrogenase  (NADH)^ 

5.8 

4.8 

Glutamic  dehydrogenase  (NADP)^ 

215 

95.4 

Glutamic  dehydrogenase  <NADPH)d 

739 

121 

a.  Assay  procedures  are  as  described. 

b.  All  activities  are  expressed  as  ymoles  per  minute  per  milligram  of  protein.  . 

c.  NO  = none  detected. 

d.  Coenzyme  used  in  assay  procedure. 
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Table  3.  Utilization  of  labeled  a-ketoglutarate  and  succinate  by 
N.  gonorrhoeae  CS-7.a 


Radioactive  inventory1 


Respiratory 


Total  14C 


Substrate 

CO, 

<xr 

Cells 

(X) 

Medium 

(X) 

recovery 

(X) 

14 

[1-  C) a-ketoglutarate 

51.2 

1.3 

47.5 

96.7 

[1 » 4-^ 4C] succinate 

18.4 

1.7 

79.8 

100 

a Flasks  contained  25  mg  (dry  weight)  of  cells»  100  pmol  of  sodium  acetate( 

50  ymol  of  monosodium  glutamate>  and  50  ymol  of  either  potassium 
a-ketoglutarate  or  sodium  succinate.  The  activity  of  the  labeled  compounds 
was  approximately  1.0  yCi/ml. 

b Determined  after  120  min  of  incubation. 
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Carbohydrate 

Sodium 

bicarbonate  concentration  (^g/ml) 

- 

Hours 

disc 

420 

210 

105 

52.5 

26.2 

13.1 

6.6 

1 

1 

Glucose 

R/0 

R/0 

R/0 

R/0 

R/0 

R/0 

R/0 

Maltose 

R 

R 

R/0 

R/0 

R/0 

R/0 

R/0 

i 

Sucrose 

R 

R 

R 

R 

R 

R 

R 

, 

2 

Glucose 

0 

0 

Y/0 

Y/0 

Y/0 

0 

0 

Maltose 

R 

R 

R/0 

R/0 

R/0 

R/0 

R/0 

Sucrose  R R R R R R R 

3 Glucose  Y/0  Y/0  Y Y Y Y/0  Y/0 

Maltose  R R R R/0  R R/0  R 

Sucrose  R R R R R R R 

4 Glucose  Y Y Y Y Y Y/0  Y/0 

Maltose  R R R R R R R 

Sucrose  R R R R R R R 

5 Glucose  Y Y Y Y Y Y Y 

Maltose  R R R R R R R 

Sucrose  R R R R R R R 

8 Y = yellow  (positive  reaction);  Y/0  - yello-orange  (positive  reaction; 

0 = orange  (intermediate  reaction);  R/0  = red-orange  (negative  reaction); 

R = red  (negative  reaction). 
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Table  5.  Effect  of  cell  concentration  on  production  of  acid  from  glucose  by 
N.  gonorrhoeae  CS-7.a 


Cell  concentration  (CFU/ml  / CFU/well) 


Hours 

4.7x109 

2.4x108 

2.3x109 

1.2x10® 

1.2x109 

5.9x10? 

5.9x108 

2.9x107 

2.9x108 

1.5x107 

1.5x108 
7.3x1 06 

7. 3x1 07 
3.7x10® 

3.7x10? 
1.8x1 08 

1 

Y/0 

0 

R/0 

R/0 

R 

R 

R 

R 

2 

Y 

Y/0 

Y/0 

0 

R/0 

R 

R 

R 

3 

Y 

Y 

Y 

Y/0 

0 

R/0 

R/0 

R 

4 

Y 

Y 

Y 

Y/0 

0 

0 

R/0 

R/0 

5 

Y 

Y 

Y 

Y 

0 

0 

R/0 

R/0 

6 Y Y Y Y Y/0  0 0 R/0 

11  Y Y Y Y Y/0  V/0  0 0 

24  Y Y Y Y Y Y/0  0 0 


a Y = yellow  (positive  reaction);  Y/0  • yellow  orange  (positive  reaction);  o = orange 
(intermediate  reaction);  R/0  = red-orange  (negative  reaction);  R = red  (negative  reaction). 
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Table  6.  Effect  of  incubation  time  on  the  identification  of  N.  gonorrhoeae* 
N.  meningitidis*  and  N.  lactamica. 


Number  of 

Cumulative  number 

of  strains  showing  positive  react 

Organism 

strains  tested 

1 hr 

2 hr 

3 hr 

4 hr 

5 hr 

6 hr 

N.  gonorrhoeae 

196 

38 

117 

166 

178 

191 

196 

(Z> 

(19. 4Z) 

(59.7Z) 

(84. 7Z) 

(90.8Z) 

(97. 4X> 

(100Z) 

12a 

5 

11 

12 

_ 

_ 

(Z> 

(41. 7Z) 

(91. 7Z) 

(100Z) 

N.  meningitidis^ 

32 

16 

25 

29 

31 

31 

32 

(Z) 

(50. OZ) 

(78. 1Z) 

(90. 5Z) 

(96.7Z) 

(96. 7Z> 

(100Z) 

N.  lactamica0 

8 

2 

8 

(Z) 

(25. OZ) 

(100Z) 

a Strains  which  failed  to  produce  acid  from  glucose  within  4 hours, 
b Identification  as  N.  neningitidis  requires  positive  glucose  and  maltose  reactions. 


c Identification  as  fi.  lactamica  requires  positive  glucose*  maltose*  and  lactose 
reactions. 


* 


Table  7.  Comparison  of  Minitek  and  CTA  procedures. 


Number  of  strains 


Organism 

Number  of 
strains  examined 

identified 

Minitek 

by 

CTA 

N.  gonorrhoeae 

110 

108  (98  X) 

91  (82. 7X) 

N.  meningitidis 

13 

13  (100X) 

8 (61. 4%) 

N.  lactamica 

8 

8 (100X) 

8 (100  X) 

a No  strains  resistant  to  >0.8  pg  of  sulfadiazine  per  ml  were  identified  by 
the  CTA  procedure. 
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Table  8.  Comparison  of  Minitek  and  rapid  fermentation  procedures  for  identification 
of  N.  gonorrhoeae. 


Number  of 

Method  strains  tested 


Cumulative  number  of  strains  showing 
positive  reactions  at 
1 hr  2 hr  3 hr  4 hr 


Minitek 

20 

(%) 

2 

(10%) 

12 

(60%) 

19 

(95%) 

20 

(100%) 

Rapid 

fermentation3 

20 

18 

(90%) 

20 

(100%) 

Rapid  . 

fermentation0 

20 

9 

(45%) 

18 

(90%) 

18 

(90%) 

18c 

(90%) 

•1 

3 Sugars  obtained 

from  W. 

J.  Brown*  CDC*  Atlanta* 

Ga. 

. 1 

b Sugars  obtained  from  commercial  sources. 


c Two  isolates  identified  as  N.  meningitidis  on  the  basis  of  positive  glucose 
and  maltose  reactions. 
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Fig.  1.  Low -temperature  EPR  spectra  of  reduced  Neisseria  gonorrhoeae  cell  membranes.  N.  gonorrhoeae 
membranes  (50  mg/ml)  dissolved  in  0.4  M tris(hydroxymethyl)ammomethane-hydrochloride,  0.005  M 
mercaptoethanol  (pH  7.4)  were  made  anaerobic  under  argon  and  reduced  with  a small  amount  of  solid  sodium 
succinate  (X)  or  dithionite  ( B ).  The  EPR  operating  conditions  were:  modulation  amplitude,  9.7  gauss; 
microwave  power,  25  mW;  microwave  frequency,  9.202  GHz;  time  constant,  1.0  s;  scanning  rate,  100 gauss  per 
min;  temperature,  18.0  K. 


Fic.  2.  Low-temperature  optical  difference  spectra 
of  cell  membrane  fragments  from  N.  gonorrhoeae 
CS-7.  Dithionite-reduced  minus  ferricyanide -oxidized 
(solid  line ) and  dithionite-reduced  minus  air-oxidized 
(dotted  line)  spectra  of  N.  gonorrhoeae  cell  membrane 
fragments  1 10  mg  of  protein/ml  in  0.08  M tris(hydrox- 
y methy Dam  momethane- hydrochloride,  10  * M 8 
mercaptoethanol,  pH  7.4 ).  Optical  difference  spectra 
were  recorded  as  described  in  Materials  and  Methods. 
Samples  were  reduced  under  anaerobic  conditions 
with  solid  sodium  dithionite.  Ferricyanide  (100  iiM) 
was  added  to  the  reference  sample. 
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Fic  3.  Low-temperature  optical  difference  spectra  of  succinate-,  L-lactate-,  and  ascorbate-reduced  /V 
gonorrhoeae  cell  membranes.  Solid  sodium  succinate  ( dashed  line),  sodium  L-lactate  [solid  line)  and  sodium 
L-ascorbate  < dotted  line)  were  added  to  oxygen-free  N.  gonorrhoeae  membrane  fragments  <10  mg  of 
protein/ml).  Optical  difference  spectra  were  recorded  as  described  in  Materials  and  Metnods. 
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Fig.  4.  Room  temperature  carbon  monoxide  difference  spectra  of  N.  gonorrhoeae.  Dithionite-reduced  N. 
gonorrhoeae  cell-membrane  particles  ( 12.6  mg  of  protein/ml)  were  bubbled  with  CO  for  90s  [dotted  line),  5 min 
(dashed  line),  and  IS  min  (solid  line),  and  optical  difference  spectra  were  recorded.  Inset  is  the  77  K spectra  of 
the  particles  bubbled  with  CO  for  IS  min. 


I 
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Flo.  S'.  Radiorespirometric  patterns  for  the  utilization  of  labeled  acetate  by  glucose-grown  N.  gonorrhoeae 
CS-7.  Flasks  contained  25  mg  (dry  weight)  of  cells,  100  pmol  of  sodium  acetate  and,  where  indicated,  00.4 
pmol  of  glucose  The  activity  of  the  labeled  compounds  was  approximately  1 .0  pCilml.  Symbols:  (O)  / l-"CI- 
acetate,  <•>  /2-"C /acetate.  Results  are  expressed  as  ( activity  of  I "('./CO, /activity  of  •* C-lnbeled  substrate 
added)  x t00'% . 


♦SO  500  S50  600 

DM 


Flo.  (t.  Low-temperature  optical  difference  spec- 
tra of  L-malate-reduced  membrane  fragments  from 
glucose-grown  (a,  b,  c)  and  glucose-depleted  (d,  e,  f) 
cells  of  N.  gonorrhoeae  CS-7.  (a)  and  (d)  i-Malatc- 
reduced  minus  air-oxidtzed  spectra,  (b)  and  <e)  FAD 
plus  L-malate-reduced  minus  air-oxidized  spectra, 
(c)  and  <f)  FAD  plus  L-malate-reduced  minus  ferricy- 
anide-oxtdized  spectra.  Optical  difference  spectra 
were  recorded  as  described  in  Materials  and  Meth- 
ods. Samples  were  reduced  under  anaerobic  condi- 
tions with  solid  sodium  L-malate  either  in  the  pres- 
ence or  absence  of  exogenous  FAD  (35  pM).  Ferricya- 
nide  (100  pM)  was  added  to  the  reference  samples  as 
indicated. 


Flo.  *7.  Effect  of  chloramphenicol  on  ucetulc  oxi 
dation  by  glucose-grown  cells  of  N . gonorrhoeae  CS- 
7 Glucose-grown  cells  were  resuspended  in  basal 
medium  with  and  without  chloramphenicol  (100  pg/ 
ml).  Flasks  contained  25  mg  (dry  weight  i of  cells  and 
100  pmol  of  sodium  acetate.  The  activity  of  the  la- 
beled acetate  was  approximately  t .0  pCi/ml.  Sym- 
bols: (O)  1 1 -"Cl acetate  plus  chloramphenicol . ( Ot  12- 
"C /acetate  plus  chloramphenicol,  (•) / 1 -1  f /acetate , 
and  (B)  12-  l*C  /acetate.  Results  are  expressed  as  < ac- 
tivity of  I "C/COj/activity  of  "C-labeled  substrate 
added)  x 100<k . 


Fig.  S • Radiorespiromelric  patterns  for  the  utili- 
zation of  labeled  acetate  and  glutamate  during 
growth  on  glucose  by  N.  gonorrhoeae  CS-7.  Flasks 
contained  25  mg  (dry  weight)  of  cells.  100  pmol  of 
sodium  acetate,  173  pmol  of  glucose,  and  50  pmol  of 
exogenous  monosodium  glutamate.  The  activity  of 
the  labeled  compounds  was  approximately  1.0  pCil 
ml.  Symbols:  (O)  ll-'C /acetate,  (•)  12-"C /acetate, 
(□)  [ 1 -"Cl glutamate,  <■)  /5-"C /glutamate,  (A)  //- 
"C/glucose,  and  (V)  turbidity.  Results  are  expressed 
as  ( activity  of  / "C/C02lactivity  of  "C-labeled  sub- 
strate added)  x 1001 . 


MINUTES 

Fig.  "•  Radiorespiromelric  patterns  for  the  utili- 
zation of  labeled  acetate  and  glutamate  during  the 
incubation  of  N gonorrhoeae  CS-7  in  basal  medium 
lacking  glucose.  Flasks  contained  25  mg  (dry  weight) 
of  cells  and  100  pmol  of  exogenous  monosodium  glu- 
tamate. The  activity  of  the  labeled  compounds  was 
approximately  1.0  pCilml.  Symbols.  (O)  [1- 

i#l  <□>  H-"C/glutamate, 

(■)  15-  *C  1 glutamate,  (V>  turbidity.  Results  are  ex- 
pressed  as  ( activity  of  / "C /CO, /activity  of  " C-labeled 
substrate  added)  x 1001. 
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Fio.  IQ'Pathway  for  the  catabolism  of  glucose  and  the  involvement  of  the  TCA  cycle  in  N . gonorrhoeae  CS- 
7.  The  reactions  indicated  by  the  symbol  (A)  are  given  in  detail  in  reference  (36).  Reactions  indicated  by  solid 
arrows  occur  during  growth  on  glucose ; those  indicated  by  the  dashed  arrows  occur  after  glucose  depletion  or 
after  the  cessation  of  exponential  growth. 


12  3 4 

Hours  of  locufeatioo 

Fio.  H.  Effect  of  nitrate  on  the  production  of  acid 
from  glucose  by  clinical  isolates  of  Neisseria  gonor- 
rhoeae. Open  bars , Glucose  disks  without  nitrate; 
stippled  bars,  glucose  disks  containing  nitrate. 
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